We studied the hemodynamic response to supine bicycle exercise in 20 patients late (10 + 2 years) after aortic valve replacement (for aortic stenosis in 12 patients, aortic insufficiency in six patients, and for combined stenosis and insufficiency in two patients). The pulmonary artery wedge
pressure was obtained with a pulmonary artery balloon catheter, and left ventriculography was performed by digital-subtraction angiography after injection of radiographic contrast into the pulmonary artery. These patients were compared with 11 control subjects with no or minimal cardiac disease studied routinely for evaluation of chest pain in whom left ventricular end-diastolic pressure and a direct contrast ventriculogram were obtained. Compared with the control population, the study population had similar left heart filling pressures (7 + 3 vs 9 + 3 mm Hg, NS), but higher left ventricular ejection fractions (75 + 7% vs 67 + 7%, p < .02) and higher left ventricular muscle mass indexes (106 + 28 vs 85 + 9 g/m2, p < .01). Elevated myocardial muscle mass led to lower systolic wall stress in the study population than in the control subjects (254 65 vs 320 49 103 dynes/cm2, p < .01) and might explain the higher ejection fraction observed. Fourteen patients had a normal response to exercise (with left heart filling pressures of 16 + 4 vs 18 + 2 mm Hg for control subjects, NS; and left ventricular ejection fraction of 77 8% vs 73 + 5% for control subjects, NS). However, while the remaining six patients had a normal exercise left ventricular ejection fraction (72 + 9%, NS), they had an abnormal rise in left heart filling pressure (33 + 8rmm Hg, p < .01). Preoperatively these patients also had higher left ventricular mid-and end-diastolic pressures at similar diastolic volumes, suggesting a decrease in chamber compliance. Thus, late after aortic valve replacement there is a subgroup of patients who, despite normal hemodynamics and normal left ventricular systolic function as assessed by the left ventricular ejection fraction at rest, have an abnormal response to exercise characterized primarily by a substantial rise in left heart filling pressures. Preoperatively this group also has a decrease in diastolic chamber compliance despite nearly normal left ventricular ejection fractions. This abnormality appears to result from a primary derangement of diastolic function that is not evident at rest. Circulation 77, No. 3, 613-624, 1988. AORTIC VALVE REPLACEMENT has produced a dramatic change in the "natural" history of aortic insufficiency and aortic stenosis. Improvement in survival,1' 2 New York Heart Association class,3 and resting hemodynamics,3-9 even in patients with preoperative left ventricular dysfunction,3'4'5' 7' 9 has From the Medical Policlinic, Division of Cardiology, University Hospital, Zurich. Supported by a grant from the Swiss National Science Foundation.
Moreover, there remains the significant concern that the prior hemodynamic insult, with its attendant myocardial hypertrophy,4 may produce permanent myocardial injury and dysfunction. In support of this we have reported persistent morphologic abnormalities early after aortic valve replacement13 that have correlated with abnormalities in diastolic function.
In this study, we used dynamic exercise to evaluate cardiac function late (10 + 2 years) after successful aortic valve replacement in patients with normal left ventricular systolic function.
Methods
Twenty ambulatory patients who had had prior aortic valve replacement (for aortic stenosis in 12, for aortic insufficiency in six, and for combined aortic stenosis/insufficiency in two patients) were studied late (10 + 2 years) after surgery (table 1) . These included 17 men and three women, and valve replacement was with a mechanical prosthesis in 18 patients and with a porcine bioprosthesis in two patients. Patients selected for study were those followed in this hospital who had had the original (i.e., preoperative) cardiac catheteriza-tion at this institution, had no coronary artery disease at the time of original study, and who were more than 42 months postsurgery. Patients included had normal systolic function as defined by a left ventricular ejection fraction at rest equal to or greater than 57% (the lower limit for normal for this laboratory; only one patient was excluded by this criteria). All but one patient underwent tip-micromanometer pressure measurement and contrast ventriculography at the original study. Informed consent was obtained from all patients under a protocol approved by the human studies committee of University Hospital. 9  10  11  12  13  14  Mean  SD  Group 2  15  16  17  18  19  20  Mean  SD  Control group  21  22  23  24  25  26  27  28  29  30  31  Mean  SD   56  59  31  47  57  44  39  48  43  32  66   50   54  39  48  10   53  64  61  45  52  56  55  7   40  40  63  46  57  58  52  49  54  44  53  51  AI  AS  AS/AI  AS/AI  AS  AS  AS  AI  AS  AI  AS  AI  AS  AI   AS  AI  AS  AS  AS  AS   BS  LK  CE  CE  BS  BS  BS  BS  BS  BS  BS  BS  BS  BS   BS  BS  BS  BS  BS  LK   31  16  27  29  27  25   31   27  23  27  23  29  25  29  26  4   25  31  25  23  27  18  25  4   9   11  4  7   9   11  9  13  11  10  11  9  12  10  10  2   10   10   13  11  8  11  11  2   II   II   l   lI   1I   I   II   l 
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All cardiac medications were withheld on the day of study. Right heart catheterization was performed with a No. 7F pulmonary artery balloon flotation catheter with a tip-micromanometer in 15 patients, with a fluid-filled balloon flotation catheter in three patients, and with a pigtail catheter in two patients in whom a stable pulmonary artery wedge position could not be attained with the balloon flotation catheter; in these last two patients the pulmonary artery diastolic pressure was used as an approximation of the pulmonary artery wedge pressure. In those patients in whom a tip-micromanometer catheter was used, calibration of the pressure was performed with the pulmonary artery pressure, with the catheter tip in a pulmonary artery branch vessel. Fluoroscopy was performed during balloon inflation to ensure that there was no change in position of the catheter that might influence the reference level. Arterial pressure was measured with an arm sphygmomanometer.
Resting hemodynamic and left ventriculographic examinations were performed in patients in the supine position. Twelve to fifteen minutes were allowed to elapse for washout of the hemodynamic effects of radiographic contrast before beginning exercise. Supine bicycle ergometry was performed in either one (n 5) or two (n -15) stages for 2 min per stage to a predetermined level of work (80% of the previously determined upright maximal exercise capacity of the subject, to allow for increased difficulty of exercise in the supine vs upright positions). At peak exercise hemodynamic measurements were made; the patient was then instructed to stop exercise and suspend respiration (to allow for a stable contrast-to-mask image relationship), and ventriculography was immediately performed.
Left ventriculography was performed in the 30 degree right anterior oblique projection by digital-subtraction angiography with a previously validated and described method.`4 Injection of radiographic contrast (sodium and meglumine ioxaglate; Hexabrix 320) was into the pulmonary artery in all patients. In those patients with a balloon micromanometer catheter, injection in the pulmonary artery was via eight sideholes 8 to 9 cm proximal to the tip-micromanometer (40 ml at 10 ml/sec). In the other patients injection was via a pigtail catheter inserted (in addition to the standard balloon flotation catheter) in the pulmonary artery (45 ml at 18 ml/sec). Injection, pulmonary transit, ventricular opacification, and washout phases were recorded on 35 mm cinefilm (Siemens Angioscope) at 50 frames/sec, with simultaneous recording of the electrocardiogram, the numerical code for the frames recorded, and the pulmonary artery wedge pressure (or pulmonary artery pressure) on an oscillograph (Electronics for Medicine VR12) at a paper speed of 250 mm/sec in all patients. A metal sphere of known diameter was filmed for calibration purposes.
The cinefilm was digitized with a high-resolution, Eikonix 78/99 diode-array camera (2048 x 2048 x 12) and processed on a deAnza IP 8500 image system in combination with a VAX 750 using standard software. 15 Two frames each at end-diastole and at end-systole were digitized with 512 x 512 resolution and averaged to reduce image noise. From the averaged image the mask images were subtracted to increase image contrast. Masks were obtained by both the mask-mode (from before contrast injection or during the washout phase if movement occurred during lung passage) and time interval difference (60 msec after the primary image) methods (figure 1), and contour detection was performed by a previously described technique14 that allowed sequential superposition of the two images so obtained to take advantage of the relative imaging strengths of each method. Contour detection was performed with a "mouse7- directed, contour-point selection system, with connection of the points by a cubic spline function. '6 In the previously published validation study of this technique'4 this method was shown to have a high correlation with standard contrast ventriculography for measurements of left ventricular end-diastolic volume (r > .91), end-systolic volume (r > .94), and ejection fraction (r > .92) both at rest and during exercise. In the validation study for this technique for the determination of left ventricular wall thickness and muscle mass'7 a good correlation was also found in comparison with standard contrast angiography (r > .80 for left ventricular wall thickness; r > .85 for left ventricular muscle mass).
Left ventricular volumes were calculated with the area-length method, 8 with modification for monoplane angiograms. '`Enddiastole was defined by the peak of the R wave of the electrocardiogram. End-systole was defined by the minimal angiographic left ventricular volume. Left ventricular ejection fraction was calculated by the standard formula. Angiographic cardiac output was calculated as the product of the heart rate and the angiographic stroke volume. Left ventricular muscle mass was calculated after the method of Rackley et al.2(' When cuff pressures were obtained mean arterial pressure (MAP; mm Hg) was estimated by:
Left ventricular stroke work index (SWI) was calculated by2':
where MSAP is mean systolic arterial pressure, PCWP is the pulmonary capillary wedge pressure (or left ventricular enddiastolic pressure for the control subjects; mm Hg), CI is the cardiac index (liters/min/m2), HR is the heart rate (beats/min), and 0.0136 is the correction factor to correct to g'm/beat/m2. Mean systolic arterial pressure was estimated by:
where SAP is systolic arterial pressure and DAP is diastolic arterial pressure (mm Hg).2" 22 Since left ventricular pressure rather than arterial pressure was monitored in the control group during exercise, stroke work index could not be calculated for the control group during exercise.
As a measure of left ventricular afterload, left ventricular peak systolic stress was estimated after the method of Gaasch et al. 23 That is, stress (S) was calculated by the method of Sandler and Dodge24:
where P is pressure, h is left ventricular wall thickness as obtained above, a is half the left ventricular long axis (as obtained from the area-length method), and b is half the left ventricular short axis (as calculated from the area-length method). The dimensional data were combined as:
and calculated for end-diastole (ed) and end-systole (es). Left ventricular wall thickness at end-systole was calculated by the method of Hugenholtz et al. 25 The point of peak systolic (ps) stress was estimated as a point one-third through ejection, and the dimensional data were calculated as:
Peak systolic stress was calculated as (103 dynes/cm2): Sps -P Xps where P is peak left ventricular (or cuff) pressure.
As an additional measure of ventricular performance during exercise, the concept described by Glower et al.26 of "preload recruitable work" was applied to our patients, comparing the relationship of ventricular stroke work index to left ventricular end-diastolic volume index (as a measure of preload). To assess preoperative diastolic compliance, the relationship of pressure and volume were determined at three points: the point of minimal diastolic pressure, mid-diastole (the point halfway between minimal diastolic pressure and end-diastole), and enddiastole. 27 Study patients with a pulmonary capillary wedge pressure during exercise of less than or equal to 21 mm Hg (the upper limit in the control group described below) were included in group 1; those with a rise in the pulmonary capillary wedge pressure with exercise to greater than 21 mm Hg were included in group 2.
Eleven patients with no or minimal cardiac disease on routine diagnostic cardiac catheterization served as control subjects. These included two patients with noncritical coronary artery disease (maximum coronary stenosis of a major epicardial coronary artery of less than 50% of the luminal diameter) and one patient with mitral valve prolapse without regurgitation. In these patients left ventricular catheterization was performed by the retrograde approach. Thus, left ventricular end-diastolic pressure was used as the left-heart filling pressure for comparison with the two study groups, and direct intraventricular contrast angiography was performed.
Statistical analysis was performed on Analyzer, a Hewlett-Packard 9845-based data analysis system. Statistical comparison of resting and exercise data from the control subjects, group 1, and group 2, when comparable data were available, was made by a one-way analysis of variance and if significant (defined as p < .05) differences were found, Newman-Keul's test was applied for parametric comparisons and Kruskal-Wallis' test was applied for nonparametric comparisons.28 For comparison of group 1 with group 2 with respect to baseline, preoperative hemodynamic data the unpaired t test was applied. All values are expressed as the mean --SD.
Results
Patient characteristics are presented in table 1. Group 1 and group 2 were similar with regard to age, sex, prosthetic valve type and size, and time since aortic valve replacement.
At rest there were no significant differences between group 1, group 2, and the control group with regard to heart rate (72 + 12, 69 + 8, and 67 + 13 beats/min, respectively, NS), systolic blood pressure (125 ± 17, 140 + 21, and 125 ± 14 mm Hg, NS), left heart filling pressure (7 + 3, 9 + 2, 9 + 3 mm Hg, NS), or cardiac index (4.3 + 1.1, 4.1 + 0.6, and 4.2 ± 1.0 liters/min/m2, NS) (table 2). However, diastolic blood pressure was significantly higher in both group 2 (87 + 8 mm Hg, p < .01) and group 1 (80 ±10 mm Hg, p < .05) than in the control group (72 ± 6 mm Hg). Left ventricular ejection fraction at rest was higher in groups 1 and 2 combined than in the control subjects DIAGNOSTIC METHODS-VENTRICULAR PERFORMANCE (75 7% vs 67 7%, p < .02). While similar at rest in groups 1 and 2 (75 + 6% vs 74 + 10%, NS), there was a significant difference in left ventricular ejection fraction (p < .05) in the comparison of group 1 and the control subjects (67 + 7%). Left ventricular end-diastolic wall thickness was significantly greater in groups 1 and 2 (0.99 ± 0.19 cm, p < .01; 0.95 0.18 cm, p < .05) than in the control group (0.77 0.07 cm). Left ventricular muscle mass index was also significantly higher in groups 1 and 2 combined than in the control subjects (106 + 28 vs 85 9 g/m2, p < .01); there was no significant difference between group 1 (108 ± 28 g/m2) and group 2 (101 ± 32 g/m2) with respect to this variable.
During exercise there were no significant differences between the groups for workload achieved ( liters/min/M2, NS). Left ventricular ejection fraction during exercise remained high in group 1 (77 ± 8%) and group 2 (72 ± 9%), and it rose in the control subjects (73 ± 5%) so that it was no longer significantly different from that in groups 1 and 2.
After the washout from the first ventriculogram and assumption of the legs-up position, left heart filling pressures were somewhat lower in group 1 (9 ± 3 mm Hg) than in either group 2 (14 ± 4 mm Hg, p < .01) or the control group (15 ± 4 mm Hg, p < .01). However, with exercise (according to the aforementioned grouping procedure) the left heart filling pressures for group 1 were not significantly different from those for the control group (16 ± 4 vs 18 ± 2 mm Hg, NS), while in group 2 the pulmonary capillary wedge pressure during exercise (33 ± 8 mm Hg) rose to a level significantly (p < .01) higher than the pulmonary capillary wedge pressure in group 1 and the left ventricular end-diastolic pressure in the control subjects (figure 2).
Left ventricular stroke work index was similar in group 1 and group 2, both at rest (86 ± 25 vs 93 19 g m/beat/m2, NS) and during exercise (119 ± 27 vs 119 ± 37 g-m/beat/m2, NS). There was a similar "preload," as reflected in the left ventricular end-Vol. 77, No. 3, March 1988 diastolic volume index, both at rest (81 ± 18 vs 83 ± 16 mI/M2, NS) and during exercise (88 + 15 vs 96 ± 15 mI/m2, NS); figure 3) .
At rest, left ventricular afterload as reflected in left ventricular peak systolic wall stress was lower for groups 1 and 2 combined than for the control subjects (254 + 65 vs 320 + 49 103 dynes/cm2, p < .01); it was similar at rest in group 1 and to group 2 (239 + 58 vs 289 + 73 103 dynes/cm2, NS), but lower in group 1 than in the control group (320 ± 49 103 dynes/cm2, p < .01). With exercise, peak systolic wall stress was lower in group 1 than in either group 2 or the control group (343 ± 59 vs 436 ± 96 103-dynes/cm2, p < .05; and 420 + 62 103-dynes/cm2, p < .01).
Comparing baseline, preoperative rest hemodynamics there were few variables that differentiated group 1 from group 2 (table 3) . While there was a trend to a higher left ventricular peak systolic pressure (205 + 31 vs 232 + 20 mm Hg, p < .11) in the subgroups of patients with aortic stenosis as presenting pathology, for the groups as a whole there was no significant difference (182 + 42 vs 216 ± 44 mm Hg, NS). Variables of left ventricular systolic function, including cardiac index (3.5 + 0.9 vs 3.0 ± 0.6 liters/min/m2, NS), left ventricular end-diastolic volume index (48 ± 32 vs 46 + 35 mI/m2, NS), and left ventricular ejection fraction (65 ± 9% vs 60 + 15 ml/m2, NS), were not significantly different. However, although left ventricular volumes were not significantly different, the preoperative left ventricular mid-diastolic (9 + 3 vs 14 + 5 mm Hg, p < .05) and enddiastolic pressures (17 ± 7 vs 27 ± 9 mm Hg, p < .05) were significantly higher in group 2 than in group 1 ( figure 4 ). This did not seem related to the magnitude of left ventricular hypertrophy per se since there were no significant differences between the two groups with respect to left ventricular muscle mass index (150 ± 33 vs 148 ± 23 g/m2, NS).
Discussion
Aortic valve replacement has proven to be a highly successful`10 procedure for the treatment of aortic insufficiency and aortic stenosis. However, all available prosthetic aortic valves are relatively stenotic11 12 compared with the normal aortic valve, and as such constitute an obligatory chronic afterload excess on the myocardium. Furthermore, there is the significant question as to the long-term sequelae of the initial hemodynamic insult (i.e., the pressure and volume overload) sustained by the myocardium before its relief by valve replacement. These questions are of particular 71  115  158  180  78  82  5  3  8  103  86  2  50  51  97  150  190  90  110  14  13  19  80  96  3  125  101  144  120  165  80  105  7  8  18  65  77  4  200  66  145  125  180  85  65  4  7  12  73   87   5  125  75  130  115  170  70  80  5  11  19  82  98  6  125  83  128  145  210  90  85  10 Group 2  15  125  54  97  160  210  90  100  8  13  29  107  110  16  125  67  108  142  190  80  106  5  9  32  98  119  17  125  74  133  110  185  75  80  7  11  25  72  87  18  150  73  154  150  180  90  90  10  20  42   78  83  19  75  76  123  120  165  95  100  9  15  26  70  97  20  125  72  132  160  200  90  100  12  17  44  70  81  Mean  121  69  125  140  188  87  96  9  14  33  83  96  SD  25  8  20  21  16  8  9  2  4  8  16  15   D  D  B.D   Control group  21  120  75  107  108  140  66  12  13  21   112   128  22   125  68  170  132  176  80  9  16  15  72  73  23  90  73  120  143  166  77  11  14  20  83  88  24  100  54  107  138  168  74  13  12   21   89  95  25  100  84  147  114  149  61  4  18  19  83  99  26  50  65  105  138  156  70  7  24  19  95  105  27  50  59  93  104  126  70  10  16  16  110   110  28  50  88  148  114  147  76  6  14  15  94  89  29  100  68  115  140  174  79  7  11  18  92  106  30  150  49  120  129   150   69  14  16  20  117  131  31  100  51  119  115  152  70  6  13  15  79  106  Mean  94  67  123  125  155  72  9  15  18  93  103  SD  33  13  23  14  15  6  3  4  2  14  17 Workload is peak exercise load attained in watts; -R denotes rest data; -E denotes exercise data. HR = heart rate (beats/min); SAP = systolic cuff or arterial pressure (mm Hg); DAP = diastolic cuff or arterial pressure (mm Hg); PCWP = pulmonary capillary wedge pressure (mm Hg); LU = resting data obtained just before exercise in the legs-up position; LVEDP = left ventricular end-diastolic pressure (mm Hg); LVEDVI = left ventricular end-diastolic volume index (mi/r2); LVESVI = left ventricular end-systolic volume index (mi/r2): LVEF = left ventricular ejection fraction (%); CI = angiographic cardiac index (I/min/m2); WT = left ventricular end-diastolic wall thickness (cm); LVMMI = left ventricular muscle mass index (g/m2); RPP = heart rate-blood pressure product (mm Hg-beats/min); SWI = stroke work index (g.m/beat/M2); PSS = peak systolic stress (103 dynes/cm2 concern since many of the recipients of prosthetic Several reports have indicated that the outlook in the aortic valves are relatively young and have an otherwise early period (i.e., the first several years after surgery) long life expectancy.
is excellent, with an improved survival over the natural 618 CIRCULATION DIAGNOSTIC METHODS-VENTRICULAR PERFORMANCE cantly higher left heart filling pressures were found at similar end-diastolic volumes (figure 2 ), suggesting a primary impairment of left ventricular diastolic function that became evident under the stress of dynamic exercise. This increased diastolic stiffness did not seem to be related to hypertrophy per se, since there were no differences between the normal postoperative group and the abnormal group with regard to preoperative or postoperative calculated left ventricular muscle mass index (although both preoperatively and postoperatively these patients had significantly greater left ventricular muscle mass indexes than did the control group). Thus, it is likely that this failure of diastolic compliance results not from the quantity of the muscle present, but rather from an abnormality of index, and left ventricular ejection fraction during exercise, but with a substantial rise in the pulmonary capillary wedge pressure during exercise. These signifi- its composition or extent of relaxation (i.e., "tonus"). In this regard, Peterson et al. 29 also found that muscle stiffness in patients with aortic stenosis could be differentiated from the extent of hypertrophy (i.e., "muscle quantity"). Furthermore, we have previously demonstrated in patients who have undergone aortic valve replacement for aortic stenosis and who have been studied early postoperatively both abnormalities of passive diastolic function and a persistent myocardial fibrosis.13 The level of fibrosis seemed to result from regression of muscular hypertrophy without a concomitant regression of interstitial fibrosis, leading to an increase in relative fibrosis of the ventricular wall, a finding that paralleled the increase in stiffness observed.
Preoperatively, the patients with late abnormalities in exercise hemodynamics were characterized to a large extent by the presence of aortic stenosis, and by a trend to a greater pressure load on the left ventricle. Hemodynamically, they also had (under the "stress" of valvular disease) higher left heart filling pressures at mid-diastole and end-diastole than those patients who at late follow-up exercise testing showed no rise in the pulmonary capillary wedge pressure, suggesting that preoperatively a decrease in left ventricular compliance was already extant. Moreover, since they had a high pressure work demanded of the ventricle, while at the same time likely had a lower coronary perfusion pressure (determined, after the "vascular waterfall" theory of coronary perfusion,30 by the difference between arterial and ventricular diastolic pressures), these patients would be more prone to subendocardial ischemia and injury, leading to myocardial fibrosis in a process that may become self-perpetuating. 31 Borer et al.32 reported that patients with aortic regurgitation and evident left ventricular dysfunction, when studied in the early period (6 months) after valve replacement surgery, showed a return to normal of resting, but not exercise, hemodynamics. Horstkotte et al.,1" in their hemodynamic study of the relative performances of several aortic valves, also had a subgroup of patients with normal rest but elevated exercise left heart filling pressures (as compared with our control group). Thus, the majority of patients (including some with evidence of left ventricular impairment before aortic valve surgery) will show postoperative improvement in indexes of left ventricular function at rest; however, a return to normal levels of ventricular performance for the full range of physiologic demand (i.e., rest and exercise) may not occur in certain patients. Bache et al.33 observed that in patients with aortic stenosis there was a close relationship between age and left ventricular end-diastolic pressure. Although there was a small and statistically insignificant difference in the age of patients in group 2 compared with the other groups, it is unlikely that ("normal") age-related changes alone account for our findings and those of Bache, since Granath et al. 24 reported in their study of the hemodynamic response to exercise in old men (61 to 83 years old) pulmonary capillary wedge pressures (22 + 8 mm Hg) that were significantly (p < .01) lower than those in our group 2, although somewhat higher than those in our control group (p < .05). However, the hypertrophic response of the myocardium in the dogs has been shown to differ with age, there being a fall in the ratio of mitochondria to myofibrillar mass,35 which might increase the sensitivity of the myocardium to the subendocardial ischemic stresses described above.
Thus, an age-related difference in the hypertrophic response of the myocardium to the inciting hemodynamic stress may have contributed to our findings. This study also found an elevated left ventricular muscle mass index and resting left ventricular ejection fraction in those patients who had undergone aortic valve replacement compared with control subjects. Persistent myocardial hypertrophy and systolic hyperfunction has been reported in patients late after correction of aortic coarctation.36 The mechanism behind this phenomenon is unclear and may relate to persistent adrenergic excess37 38 Gradient is the mean transaortic valve gradient in mm Hg; AVA denotes the aortic valve area in cm2. RF= aortic valve regurgitation fraction (%); MAP= mean arterial pressure (mm Hg); CI = the Fick cardiac index (1/min/m2); LVSP= left ventricular peak systolic pressure (mm Hg); P-MIN = minimal left ventricular diastolic pressure (mm Hg); VI-MINP = left ventricular volume index at the time of minimal diastolic pressure (mlm2); P-MIDD = left ventricular pressure at the mid-diastolic point (mm Hg); VI-MIDD = left ventricular volume index at the mid-diastolic point (ml/m2); other abbreviations as in tables 1 and 2. See text for details. A p<.05 group 1 vs group 2.
In this study we also found that our patients (as a
The patients with the highest resting left ventricular whole and for the subgroup with preoperative aortic ejection fraction (group 1) also had the lowest afterload stenosis) had lower peak systolic wall stresses late after as reflected in peak systolic stress (secondary to the surgery than did control subjects. This elevation of left persistence of myocardial hypertrophy), which may ventricular ejection fraction with subnormal systolic indicate that the systolic hyperfunction is only apparwall stress was also found by Assey et al.40 in patients ent. Additionally, with the lower peak systolic wall with congenital aortic stenosis. Since our patients were stresses or afterload observed in the study group with almost two decades younger than their older group at normal left heart filling pressures at exercise, it is also the time of corrective surgery (thus constituting a group possible that, had their hearts faced afterloads at exerintermediate in age to theirs), it is possible that the cise similar to those in the control group and group 2, pattern of persistent hypertrophy and stress we ob-more of them would have shown abnormally high left served is similar to the pattern of hypertrophy and stress heart filling pressures as they recruited more of their that they observed in their younger group with con-preload reserve.41 Whether in the patients with ingenital aortic stenosis. Thus, as discussed above, age creased filling pressures there is a concomitant impairmay have an important influence on the myocardium's ment of relaxation secondary to persistence of conresponse to a hemodynamic load. Alternatively, the tractile element interaction into diastole during myocardium of patients with a fixed, nonprogressive exercise, as may be seen in patients with hypertrophic outlet obstruction (mild, prosthetic in the case of our cardiomyopathies, cannot be answered by this study. patients) may adapt differently than that facing a pro-Additional factors may have contributed to our findgressive stenotic process. ings. We did not perform follow-up coronary angiog-DIAGNOSTIC METHODS-VENTRICULAR PERFORMANCE A raphy in this study population. However, none of these patients had significant coronary artery stenoses at the time of the preoperative study, none had angina, and none had either symptoms or electrocardiographic evidence of myocardial ischemia at either the routine clinical symptom-limited stress test or during the study itself. Also, ventricular interaction may have contributed to the rise in left heart filling pressures observed in this population with prior cardiac surgery and pericardiotomy. The type of prosthesis did not seem to contribute to our findings since there were no significant differences between the two groups in the type (the vast majority were Bjork-Shiley prostheses) or size of the valves inserted.
Of additional note is the finding that those patients with abnormal hemodynamics at exercise had elevated diastolic blood pressures at rest. The possible contribution of postoperative hypertension to the persistence of relative myocardial hypertrophy and to myocardial injury must also be considered.
There are several limitations to this study. First, as with any long-term, follow-up study with retrospective selection, patients who fared poorly in the early period could be included for assessment. Additionally, there was some self-selection by the patients because they had Vol. 77, No. 3, March 1988 to consent to repeat catheterization, which also may have led to "nonrandomness" in the patient population. The need to suspend ergometry and respiration for digitalsubtraction ventriculography led to an unavoidable but small temporal dissociation of angiography from peak exercise. Also, a venous injection of contrast leads to simultaneous opacification of the left atrium and ventricle, which may make interpretation of the ventriculogram difficult. However, this leads to difficulty primarily in the mask-mode subtraction method for analysis, while the time interval difference technique takes advantage of the differential movement of the two chambers and generally allows good definition of the mitral valve area; thus, an excellent correlation has been shown for the combined technique with conventional ventriculography.13 Finally, peak arterial pressures as measured may underrepresent peak left ventricular pressures because of the mild prosthetic stenosis. While this factor is probably of small import at rest, at peak exercise with higher transvalvular flows it may assume greater importance. In our study this difference primarily limited the assessment of myocardial stress, afterload, and work in the comparison with the normal control group, but was less limiting in the comparison of two postoperative groups since in these groups there was a similar distribution of valve types and sizes and transvalvular flows (i.e., cardiac output).
In summary, patients studied late after aortic valve replacement for both aortic insufficiency and stenosis may have mild residual myocardial hypertrophy with an increased left ventricular ejection fraction at rest. Reduced left ventricular systolic wall stress was observed in the patients with prior aortic valve surgery and may explain the increased left ventricular ejection fractions. Additionally, the majority had a normal response of left heart filling pressure and left ventricular ejection fraction to exercise. However, under the stress of dynamic exercise, a subgroup of patients, while having grossly normal systolic function as assessed by left ventricular ejection fraction, showed a marked rise in left heart filling pressures, suggesting an abnormality in diastolic function. Preoperatively these patients were characterized by high left ventricular mid-diastolic and end-diastolic pressures compared with volume, which may have both reflected and contributed to (by the aggravation of subendocardial ischemia) existent myocardial fibrosis. Ours was a young (55 + 7 years old) patient population, and the natural history of this disorder remains to be defined.
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